a key enzyme in the tetrahydrofolic acid pathway, in which it catalyzes the reduction of dihydrofolate to tetrahydrofolate in bacteria and vertebrate species. Tmp is an analog of dihydrofolic acid and causes a competitive inhibition of the bacterial enzyme because of a 1,000-fold higher affinity toward DHFR than the natural substrate (10) .
An S. aureus plasmid-encoded Tmp-resistant (Tmpr) DHFR with an approximate molecular mass of 18 kDa has recently been characterized by Burdeska et al. (5) . Previous studies have shown that this gene, which was also found on transposon Tn4003 (19) , is present in isolates in Europe and Australia (5) . The origin of this gene, termed dfrA, is unknown, and the gene for the chromosomal DHFR of S. aureus has not yet been identified. S. aureus ATCC 25923, a Tmp-sensitive (Tmps) strain, is frequently used as a reference strain in antibiotic susceptibility testing, and the N-terminal sequence of its DHFR has been determined (11) . Therefore, this strain was used in the present study. Here we report on the isolation and characterization of the gene, designated dfrB, for the Tmps chromosomal DHFR of S. aureus ATCC 25923 and the overexpression of the enzyme, termed SaDHFR, in Escherichia coli.
MATERUILS AND METHODS
Bacterial strains, plasmids, and phages. S. aureus ATCC 25923 has been described previously (6) . E. coli Tgl (20) was used for the preparation of single-stranded DNA and for the construction of an M13mpl8 bacteriophage library. For expression of DHFR in E. coli, strain M15(pREP4) was used * Corresponding author. (25) . E. coli strains were transformed as described previously (20) . The cloning vectors pUC18 and pUC19 as well as the DNAs of bacteriophages M13mpl8 and M13mpl9 were supplied by Boehringer, Mannheim, Federal Republic of Germany. Plasmid pABUl (5) and the expression plasmid pDS56/RBSII,NcoI (24, 25) Isolation of DNA. The isolation of recombinant M13mpl8 phages and the DNAs of these phages has been described previously (20) . Plasmid DNA was isolated by using the Qiagen system, as described by the manufacturer (Diagen, Dusseldorf, Federal Republic of Germany). Isolation of chromosomal DNA from S. aureus ATCC 25923 was carried out by the alkaline lysis method (2) by disrupting the cell wall with lysostaphin (0.1 mg/ml) and lysozyme (1 mg/ml). The DNA was sheared by drawing it through a needle (0.8 by 135 mm) three times, and was then analyzed on an agarose gel.
PCR. The polymerase chain reactions (PCRs) were done in a thermal cycler (Biometra, Gottingen, Federal Republic of Germany). The genomic PCR was performed as described previously (15) by using as template 0.5 ,ug of chromosomal DNA and as primers (primer P1, 5'-CTNGTNGCNCAYG AYCTNCA-3'; primer P2, 5'-CRTTNGGNARRTGCCA-3';
where N = A + T + C + G, R = A + G, and Y = C + T) degenerate oligonucleotides based on the N-terminal amino acid sequence of the chromosomal DHFR (11) (Fig. 1) . For the PCR used in the subcloning of dfrB and dfrA, we followed a standard PCR amplification protocol (13). For the preparation of a radiolabelled probe, using primers P1 and P2, we followed the PCR protocol essentially as described previously (15) , except that we substituted plasmid DNA for genomic DNA, the concentration of the nucleotide mixture was 1/100 of the normal dATP and dCTP concentration, and 25 ,uCi each of [a-32P]dATP and [a-32P]dCTP was added to the mixture. All PCR fragments were analyzed and were isolated from 6% polyacrylamide gels (20) . DNA hybridizations. Digested DNA was separated in 0.7% agarose and was then transferred to a Zeta-Probe membrane by alkali transfer and was cross-linked to the membrane (23) for subsequent hybridization by a standard protocol (20) . An M13mpl8 bacteriophage library carrying genomic DNA fragments of the expected sizes was screened on replica filters as described by Church and Gilbert (7) . All hybridizations were done with the [a-32P]dATP-and [a-32P]dCTP-labelled DNA probes described above. Hybridization was detected by autoradiography at -80°C on Kodak XAR film with intensifying screens.
Determination of nucleotide sequences. DNA restriction fragments were subcloned in M13mpl8, M13mpl9, or pUC18 vectors. Nucleotide sequences were determined by the dideoxy chain termination method (21) .
Expression plasmids. The coding region of dfrB was amplified by PCR by using the oligonucleotides P3 and P4 (Fig.  1) . The coding region of dfrA was amplified by PCR by using the oligonucleotides P5 (5'-ACATTATCAATAATTGTCGC TCACGA-3') and P6 (5'-ATATATATGGATCCGTGACGA TAATTTGTl'lI'AG-3'). The resulting fragments were phosphorylated at their 5' ends, digested with BamHI, and integrated into the filled-in NcoI-BamHI sites of the expression plasmid pDS56/RBSII,NcoI. The resulting plasmids pSaDHFR and pSl contain the genes dfrB and dfrA and encode the enzymes SaDHFR and type Si DHFR, respectively. Overexpression of the enzymes was done in 10-ml cultures of E. coli M15(pREP4) (25) harboring the expression plasmids. The cells were grown to an A6 of 0.9 in supermedium (20) in the presence of 100 ,g of ampicillin per ml and 25 ,ug of kanamycin per ml, and gene expression was induced with isopropyl-13-D-thiogalactopyranoside (IPTG) (25) . After 4 h, the cells were harvested by centrifugation.
Other methods. The DHFR assay has been described previously (1) . A unit of DHFR activity was taken as the conversion of 1 ,M dihydrofolate per min. Protein samples were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis in 12.5% polyacrylamide gels and were visualized by Coomassie brilliant blue staining. Computeraided sequence comparisons were performed on a VAX by using UWGCG software (8) .
Nucleotide sequence accession number. The sequence data reported here have been submitted to the GenBank/EMBL data base (accession number Z16422).
RESULTS
Cloning of the dfrB gene. The first 35 amino acids from the N-terminal end of the chromosomal Tmps DHFR were described previously (11) . This peptide sequence was reverse translated and degenerate oligonucleotides ( Fig. 1) were designed, limiting the degeneracy to 1,024 possibilities (15) . The degenerate oligonucleotides P1 and P2 were then used as primers for PCR, with S. aureus ATCC 25923 chromosomal DNA used as the template. A small DNA fragment of the expected size (67 bp) was isolated, treated with kinase, and subcloned into a dephosphorylated M13mpl8 HincII-digested plasmid. Sequencing of this fragment confirmed that the DNA sequence flanked by the two primers coded for the expected amino acid sequence (Fig. 1) . The 67-bp fragment was labelled with [a-32P]dATP and [a-32P]dCTP and was used as the probe for Southern analysis of the HindIlI-digested chromosomal DNA. Only one band with an approximate size of 1,800 bp was detected (data not shown), and genomic DNA fragments of this size were isolated and cloned into M13mpl8. The resulting bacteriophage library was screened by using the same 67-bp radiolabelled probe, and both the double-stranded and single-stranded DNAs of putative positive clones were isolated.
Sequence analysis. The DNA sequence of 1,389 nucleotides was determined (Fig. 1) . This sequence contains two open reading frames (ORFs) of 477 nucleotides (dfrB) and 582 nucleotides (ORF2) which encode putative translation products of 159 and 194 amino acids, respectively (Fig. 1) .
Both ORFs are preceded by a typical Shine-Dalgarno sequence, but there is no typical transcription termination signal 3' to either ORF; therefore, dfrB and ORF2 presumably form part of an operon. The amino-terminal sequence of the predicted protein, designated SaDHFR, of the dfrB gene matches the sequence determined for purified S. aureus DHFR (11) , and its compositional molecular mass of 18, 251 Da is equivalent to the empirically determined value (11) . SaDHFR is most closely related to the Tmpr type S1 enzyme (19) , with an 80% amino acid identity, and is significantly less similar to the chromosomally encoded enzymes of Bacillus subtilis (14) and E. coli K-12 (22), with 43 and 36% amino acid identities, respectively (Fig. 2) . This high degree of homology between SaDHFR and the type S1 enzyme also extends to the DNA level, where 74% identity is observed.
ORF2 shares significant homology with ORF140 (19) of Tn4003, with 80% identity over the first 133 amino acids and 72% DNA homology. The N terminus of ORF2 also has a significant homology (44% identity) with the 110 N-terminal amino acids of ORF3 from the B. subtilis sacU operon (12). This degree of homology between species suggests that the putative protein is conserved and might have a significant function. Analysis of the sequence upstream of the putative ATG start codon of dfrB did not reveal a typical S. aureus promoter sequence (18) . However, this region also does not contain the putative thyE gene present in Tn4003 (19) and pABUl (5), which is suggested to be part of an S. aureus thyE-dfrA-ORF140 operon.
Enhanced expression of DHFR. The expression of SaDHFR and type Si DHFR was accomplished by integrating the respective coding regions into the pDS expression system (25) . Plasmid pSaDHFR contains the SaDHFR coding region which was amplified by PCR with primers P3 and P4 (Fig. 1) . The 3' PCR primer included a BamHI site following the termination codon of dfrB. Plasmid pSl contains the gene for the type S1 DHFR, which was amplified by using primers P5 and P6 (see Materials and Methods). The authenticities of the plasmids were confirmed by DNA sequence determination of both strands of the entire inserts. E. coli M15(pREP4) cells containing plasmids pSaDHFR and pSl overexpressed SaDHFR and type S1 DHFR, respectively ( Fig. 3 and Table 1 ). Although SaDHFR was produced to a much higher level than type S1 DHFR, after sonication of the producing cells, a greater portion of SaDHFR was obtained in the soluble fraction (Fig. 3) .
Biochemical characterization of recombinant DHFR. In order to verify that the recombinant protein expressed by pSaDHFR and pSi had DHFR activity, we characterized the soluble cell extracts biochemically ( Table 1 ). The expression of active protein was approximated to be 6,500-fold (SaD-HFR) and 38-fold (type S1 DHFR) higher than that by the negative control by comparison of the specific activities (Table 1 ) of the soluble cell extracts (0.005 compared with 32.6 and 0.19, respectively). Analysis of the supernatants after cell disruption revealed that most of the protein expressed by pSi was in an insoluble form (Fig. 3) , which is in good agreement with the activity analysis. The 50% inhibi- (19) , and the chromosomal DHFRs from B. subtilis (14) and E. coli K-12 (22) . Positions involved in the binding of trimethoprim (T), methotrexate (T and t), and the cofactor NADPH (n), which were taken from studies with the E. coli K-12 enzyme (3, 9, 17) , are indicated. Amino acid residues marked with an asterisk are identical in all known DHFRs from diverse species except for the S. aureus enzymes. The numbering of the amino acids is based on that of SaDHFR.
tory concentration of Tmp for the recombinant SaDHFR was similar to that for the enzyme produced by S. aureus ATCC 25923 (11), whereas the 50% inhibitory concentration of Tmp for the recombinant type Si DHFR was about 1,500-fold greater than that for the recombinant SaDHFR.
DISCUSSION
Recently, a plasmid-encoded Tmpr DHFR from a clinical isolate of S. aureus was described (5). Even though this strain was from Zurich, Switzerland, and the plasmid differed from those described elsewhere (16, 19) , the sequence of the DHFR gene was found to be identical to the sequence of a DHFR gene from an Australian isolate (19) . This surprisingly high level of sequence conservation, which is quite different from the large variation observed among Tmpr DHFRs in gram-negative species, was explained by the worldwide spread of transposon Tn4003, in which this gene is located (19) . The origin of this type S1 DHFR, however, remained obscure. It had been proposed that it may have evolved from the chromosome of a gram-positive organism, possibly a soil Bacillus sp. (19) , carrying the precursor operon thyE-dfrA-ORF140. Since the N-terminal amino acid sequence of the Tmps chromosomal S. aureus DHFR had been deduced (11) and in view of the high degree of homology at the N terminus between the Tmpr and Tmps DHFR molecules, it was also speculated that the Tmpr DHFR may have evolved from the chromosomal gene by mutation and mobilization (5 (Fig. 1) matches the sequence determined for purified S. aureus DHFR (11) . The Tmps SaDHFR shares on the amino acid level an 80% homology with the type Si DHFR of transposon Tn4003 (Fig. 2) . Compared with the type Si enzyme, SaDHFR is two amino acids shorter at its C-terminal end. However, comparing the recombinant enzymes expressed in E. coli, SaDHFR migrates slower than the type Si DHFR in acrylamide gels (Fig. 3) . The Tmpa SaDHFR carries an overall net charge of -5 and has a calculated isoelectric point of 6.3, whereas the Tmpr type Si DHFR carries an overall net charge of -3 and has a calculated isoelectric point of 6.7. The two enzymes differ by 31 amino acids, 6 of which are located at positions believed to be involved in binding of NADPH, dihydrofolate, and/or Tmp (19) (Fig. 2, positions 6 , 32, 44, 66, 67, and 99). Two of these six positions, namely, amino acids 6 and 32, are proposed to be directly involved in the binding of Tmp at the active site of the enzyme. It is interesting that position 32 is occupied by phenylalanine in all known DHFRs; however, in the case of S. aureus DHFRs, this position is occupied by valine (SaDHFR) or isoleucine (type Si DHFR). In the E. coli enzyme this residue has been shown to make strong hydrophobic contacts with the pyrimidine ring of Tmp (17) . At position 93, which is located at the far interior of the active site and making van der Waals contacts with the pyrimidine ring of Tmp (17), both S. aureus DHFRs contain a phenylalanine, which is uncommon to all other known DHFRs. Taken together, it seems that these residues have been alternated in the S. aureus enzymes. Additionally, the chromosomal enzyme has a serine residue at position 36 which is invariably a threonine in other DHFRs (9) . To determine whether these or other amino acids have any significance with respect to the sensitivities of the S. aureus enzymes toward Tmp, analysis of mutant recombinant DHFR molecules and/or analysis of the structure of co-crystals of these enzymes with Tmp will be required. Since SaDHFR can be produced at high concentrations in E. coli in soluble and active forms, purification and crystallization as well as mutagenic analyses of this enzyme are in progress.
The DNA sequence of S. aureus ATCC 25923 determined in the present study was found to have two ORFs, namely, dfrB and ORF2; on the DNA level, both of these ORFs are very homologous with drfA (74%) and ORF140 (72%) of Tn4003, respectively. This homology, however, does not extend over the complete insert; in fact, the region 5' to the dfrB gene shares only little homology (39%) with the region 5' to the dfrA gene of Tn4003. Moreover, the thyE gene proposed to be part of a thyE-dfrA-ORF140 operon is not present in the fragment isolated from the chromosome. These observations suggest that in the chromosome of S. aureus ATCC 25923, the genes for DHFR and thymidylate synthetase are not located in tandem in one operon. In summary, our results suggest that the gene for the Tmpr type S1 DHFR did not evolve directly from the S. aureus chromosome. However, because of the high degree of homology between the two DHFRs and that between ORF2 and ORF140, one could speculate that it evolved from a closely related species. We are engaged in the cloning and analysis of the genes for the Tmps DHFRs of Staphylococcus epidermidis, Staphylococcus hominis, and Staphylococcus haemolyticus.
